INTRODUCTION
Menangle virus (MenPV), a recently identified paramyxovirus of pteropid bats, was isolated in 1997 from stillborn piglets during the investigation of a severe outbreak of reproductive disease at a large commercial piggery in New South Wales, Australia (Philbey et al., 1998) . Following its original isolation in cell culture the ultrastructure of MenPV, as determined by electron microscopy, was shown to be characteristic of viruses in the family Paramyxoviridae (Philbey et al., 1998) . Characterization and analysis of the full-length genome sequence, and the encoded proteins, subsequently established that MenPV should be classified as a novel member of the genus Rubulavirus in the subfamily Paramyxovirinae (Bowden et al., 2001; Bowden & Boyle, 2005) .
In pigs the disease was characterized by a decline in the farrowing rate and number of live births per litter, occasional abortions and an increase in the proportion of mummified and stillborn piglets, some of which had deformities (Love et al., 2001; Philbey et al., 1998 Philbey et al., , 2007 . Notably, there were no clinical signs in post-natal, growing or adult pigs of any age (Kirkland et al., 2001; Love et al., 2001; Philbey et al., 1998 Philbey et al., , 2007 . Macroscopic pathology in affected stillborn piglets was characterized by severe degeneration of the spinal cord and brain (particularly the cerebral hemispheres, cerebellum and brain stem), as well as arthrogryposis, brachygnathia and kyphosis (Love et al., about 10-12 weeks of age (Kirkland et al., 2001) . Despite sampling of sentinel pigs placed into a grower section of the index piggery, virus was only isolated from affected fetuses and stillborn piglets during the period of reproductive disease, and thus the mode of transmission between pigs was not established. The virus was originally thought to have been spread by respiratory aerosols (Chant et al., 1998) , but seroepidemiological investigations subsequently suggested that the rate of transmission was more consistent with shedding in faeces or urine (Kirkland et al., 2001; Love et al., 2001) .
Although MenPV was only isolated from affected fetuses and stillborn piglets, serological investigations revealed additional epidemiological information. This led to the identification of fruit bats in the genus Pteropus as the likely natural host (Philbey et al., 1998) , and enabled the implementation of a successful eradication programme (Kirkland et al., 2001 ). An unexpected finding was that MenPV had infected two piggery workers, causing a severe influenza-like illness and a rash (Chant et al., 1998) . While the mode of transmission to humans was not established, MenPV was not considered readily transmissible to people and probably required parenteral or permucosal exposure (Chant et al., 1998) . Comprehensive serological studies have since established that neutralizing antibodies to MenPV are widespread in at least three pteropid bat species present in Australia (Kirkland et al., 2001; Philbey et al., 2008) .
We undertook two time-course studies in weaned pigs following intranasal administration of a low-passage, nonplaque-purified virus that had been isolated from the lung of an infected stillborn piglet. The first addressed viral shedding, viraemia and transmission, while the second investigated the tissue tropism of MenPV.
RESULTS

Infection in weaned pigs is clinically silent
During the first study, for which pigs were sourced from a commercial farm, three of six challenged pigs died, or required euthanasia, between days 3 and 15 post-inoculation (p.i.). Although an aetiological diagnosis was not established, these three pigs exhibited fever (¡40.8 u C) and pathology consistent with septicaemia caused by Streptococcus suis, including purulent polyarthritis (pigs 3 and 5), purulent cerebellitis (pig 5), valvular endocarditis (pig 5) and cellulitis (pig 1) (data not shown), and their deaths were not attributed to MenPV. Two of the three remaining challenged pigs (2 and 6), and one of the two in-contact animals (pig 4), developed fever (¡40.5 u C) on one or more days during the course of the experiment. However, except for consolidation of the apical regions of multiple lung lobes, no overt clinical disease or pathology was otherwise detected in the five pigs that survived until the end of the trial.
Low to moderate levels of neutralizing antibodies were detected in the serum of challenged pigs, but not the in-contact pigs, 1 week following commencement of the trial (Table 1) . By the end of the second week all pigs, including both in-contact animals, had developed high neutralizing antibody titres, which persisted through to the end of the third week p.i.. Rising antibody titres in all pigs therefore indicated that not only had viral replication occurred in vivo, but that transmission to both of the incontact animals had occurred under the close-contact conditions of their housing.
In the second trial all 10 pigs, which were from a specificpathogen-free herd (known to be free of Mycoplasma hyopneumoniae), remained clinically normal and no macroscopic pathology was detected during necropsy of the challenged or in-contact animals. Neutralizing antibodies were also not detected in sera of either in-contact pig, demonstrating that neither had become infected with MenPV despite being housed in direct contact with the challenged pigs, in their respective groups, for the first 8 days of the study.
MenPV is shed in nasal and oral secretions, faeces and urine
In the first infection study MenPV was isolated from all eight pigs (Table 2 ). In the six challenged pigs, virus was present in nasal swabs (n510) between days 2 and 6, oral swabs (n510) between days 2 and 7, rectal swabs (n511) between days 3 and 7, and in urine (n512) between days 3 and 20 p.i. As expected, viral shedding in the two incontact pigs commenced, and, with the exception of urine, ceased, several days later than in the challenged pigs. Virus was isolated from nasal swabs (n53) between days 5 and 7, oral (n55) and rectal (n55) swabs between days 5 and 9, and urine (n53) between days 7 and 10 p.i. Notably, virus was detected in the urine of one of the challenged pigs (pig 6) from as early as day 4 until as late as day 20 p.i., which was 10 days later than in any other pig.
In the second trial, virus was recovered from all but one of the eight challenged pigs (Table 3) . Virus was present in nasal swabs (n53) on days 2, 4 and 6, oral (n54) and rectal (n56) swabs on days 4, 6 and 8, and urine (n51) on day 8 p.i. However, virus was not isolated from any of the samples collected from the two in-contact pigs, confirming that neither had become infected with MenPV.
MenPV viraemia is transient and of low titre
In the first infection study, blood samples from the two in-contact pigs were screened by real-time RT-PCR and viral RNA loads (per millilitre of blood) were quantified.
The viral RNA load peaked on day 7 p.i. (10 6.7 U), after which it decreased to ¡10 4.7 U from day 10 p.i. Viral RNA was detected from as early as day 4 (10 3.4 U) through to day 21 (10 3.0 U) p.i. (Fig. 1) , by which time C t values for the MenPV-specific products (37.03±0.23) were approaching the limit of detection for the assay. In contrast to the real-time RT-PCR data, infectious virus was only detected in samples collected on days 5, 6 and 7 p.i. The highest titre was 10 3.2 TCID 50 ml 21 (day 5 p.i.), whilst the infectivity of the samples collected on days 6 and 7 was below the limit of titration sensitivity for the assay (10 2.6 TCID 50 ml
21
).
In the second study, blood viral RNA loads ranged from 10 3.5 U in pig 9 (day 2 p.i.) up to 10 6.4 U in pigs 10 and 11 on days 4 and 6 p.i., respectively (Table 3) . By day 8 p.i., the viral RNA loads had decreased to 10 5.1 U in pig 12 and 10 4.4 U in pig 17. Infectious virus was only detected in the blood of pig 9 on day 2 p.i. and in the serum of pig 10 on day 4 p.i. In both instances, the titres were ,10 2.6 TCID 50 ml 21 . 
*Pigs 1, 3 and 5 were removed on days 12, 15 and 3 p.i., respectively, due to incidental illness. DIn-contact pigs (each was housed, with three challenged pigs, in separate pens). dNote the extended shedding of MenPV observed in the urine of pig 6.
Secondary lymphoid organs and intestine are preferential sites of MenPV replication
Solid tissues, collected on days 2, 4, 6 and 8 p.i. during the second infection study, were tested by real-time RT-PCR and viral RNA loads (per 100 ng of extracted total RNA) were determined. In most tissues, viral RNA loads were detected at low levels (,10 3.0 U) on day 2, peaked on day 4 or 6, and declined by day 8 p.i. Tonsil, mandibular lymph node, jejunum, ileum and mesenteric lymph node had the highest amounts of viral RNA, peaking between 10 4.7 and 10 5.5 U on one or more days (Fig. 2a) . Nasal mucosa, cranial and caudal lung, duodenum, colon, caecum, rectum and spleen had intermediate levels (10 3.0 -10 4.7 U) (Fig. 2b,  c) , while salivary gland, heart, liver, kidney cortex and bladder had the lowest levels (,10 3.0 U) (Fig. 2d) . The RNA loads in this last group of tissues therefore probably represented the contribution made by the residual blood content within each organ.
Representative tissue samples containing high, medium or low viral RNA loads were titrated to determine their infectivity. No virus was isolated from tissues collected on day 2 p.i., but virus was detected in most of the tissues collected between days 4 and 8 p.i., except for kidney and bladder ( ) of pig 10, on day 4 p.i. Mandibular lymph node, colon and ileum all had titres that peaked between 10 2.6 and 10 3.6 TCID 50 g
21
, whereas multiple samples in six of the ten tissue types tested had titres that were below the limit of titration sensitivity (,10 2.6 TCID 50 g 21 ). All tissues from which infectious virus was recovered had RNA loads .10 3.4 U.
MenPV exhibits tropism for various cell types, including lymphocytes and intestinal epithelium
No lesions attributable to the challenge virus were detected in haematoxylin and eosin stained sections. Between days 4 and 8 p.i., however, viral nucleocapsid protein was detected in abundance in lymphoid tissues and intestinal mucosa, and, in rare instances, in limited amounts in other tissues. In lymphoid tissues several different patterns of antigen staining were present, namely lymphocytic, follicular and epithelial. The lymphocytic pattern was seen mainly on days 4 and 6 p.i., and was present diffusely throughout all lymphoid tissues examined as intracytoplasmic inclusions within lymphocytes (Fig. 3a) . Between days 6 and 8 p.i., the lymphocytic staining transitioned to the follicular pattern, which comprised discrete clusters of fine granular staining within lymphoid follicles, mainly, but not exclusively, in germinal centres (Fig. 3b) . This pattern was seen in follicles in diverse lymphoid tissues, including spleen, lymph nodes (Fig. 3b) , tonsil and Peyer's patches (Fig. 3c) , and submucosal lymphoid foci of bronchi (Fig.  3d) , while lymphoid epithelial staining was present in tonsillar crypts (Fig. 3e ). Viral nucleocapsid protein was detected in mucosa throughout the intestinal tract, but was most dense in the jejunum (Fig. 3f) , where it was observed as granular intracytoplasmic staining within the epithelium of intestinal glands and in the lamina propria. Staining was seen infrequently within bronchial epithelium (Fig. 3d) and i. refers to the day after which the challenged pigs were inoculated (day 0). Each pig was sampled on day 0 and on alternate days thereafter; no viral RNA was detected prior to day 4, and these samples were arbitrarily assigned a value of 2 on the y-axis.
alveolar walls (Fig. 3g) on days 4-8 p.i., and was present in Purkinje fibres of the heart in one pig on day 8 p.i. (Fig.  3h) . Nucleocapsid protein was not detected in tissues collected on day 2 p.i., nor in liver, pancreas, urinary bladder, salivary gland, trachea, kidney or nasal turbinates.
DISCUSSION
This study reports the first isolation of MenPV from living pigs of any age; previous isolations have all been from fetuses and stillborn piglets (Kirkland et al., 2001; Love et al., 2001; Philbey et al., 1998 Philbey et al., , 2007 . In the first experiment, virus was recovered from nasal and oral secretions, faeces and urine in both the challenged and in-contact pigs.
In the in-contact pigs the delay in the development of neutralizing antibodies, and in the kinetics of viral shedding, compared with those pigs inoculated intranasally, suggested that transmission had occurred in both groups. Virus was shed at low to moderate concentrations, typically for less than 1 week, following an incubation period of only a few days. The cessation of viral shedding correlated with the development of neutralizing antibodies in sera, the titres of which were comparable to those observed in naturally infected pigs (Kirkland et al., 2001; Philbey et al., 1998) . However, for one of the challenged pigs virus was detectable intermittently in urine between days 4 and 20 p.i. (day 20 being the final day on which this pig was sampled). The presence of a more prolonged viruria, despite the development of a high neutralizing antibody titre by day 14 p.i., raises the possibility that, at least in some pigs, virus might be shed in urine for several weeks following infection, as may occur in humans infected with the mumps virus (Lin et al., 1990; Utz et al., 1964; Utz & Szwed, 1962) . Nevertheless, although the stability of MenPV in each sample category was not investigated, it would appear that transmission may occur by direct contact, by exposure to infectious nasal and oral secretions, or indirectly, due to contamination of the environment, food and water with MenPV. The low to moderate concentrations of virus in each sample type, and the relatively short duration of shedding, would also appear to be consistent with the slow rate of spread observed in naturally infected pigs, which led to the initial hypothesis that MenPV was more likely to be transmitted by faecal or urinary excretion than by aerosols originating from the respiratory tract (Kirkland et al., 2001; Love et al., 2001) .
Titration of viral infectivity in the blood of the in-contact pigs confirmed that viraemia was short-lived and of low titre. Viral RNA was detectable for at least 14 days longer than infectious virus, suggesting that blood might be a useful sample for confirming the recent infection of pigs with MenPV. Immunohistochemical staining of MenPV nucleocapsid protein in the cytoplasm of lymphocytes within lymph nodes suggests that the viraemia was primarily cell associated. As for other paramyxoviruses, including mumps (Fleischer & Kreth, 1982) , canine distemper (von Messling et al., 2004 (von Messling et al., , 2006 , measles (de Swart et al., 2007) and Tioman (Yaiw et al., 2008) viruses, it would therefore appear that MenPV is disseminated, via the systemic circulation, within infected lymphocytes.
During the first trial three challenged pigs, all of which were infected with MenPV, died or were euthanized as a result of poor health, but their deaths were not attributed to MenPV. The pigs used in the second experiment were sourced from a different supplier and were known to be free of M. hyopneumoniae. They were in excellent health at the start of the trial and remained so throughout the study period. They did not exhibit signs of disease, nor were there any lesions detected at necropsy or histologically. This strengthens the observation that the disease in pigs is clinically silent in all but pregnant animals, which exhibit abnormalities relating only to fetal pathology and reproductive performance (Kirkland et al., 2001; Love et al., 2001; Philbey et al., 1998 Philbey et al., , 2007 . Virus was readily recovered from the challenged pigs in blood, and in multiple secretions and excretions, thereby confirming the development of viraemia, and the routes of viral shedding, as observed in the first study. However, transmission to the in-contact pigs did not occur. Perhaps the concurrent infections that were present in the earlier trial had increased the susceptibility of the pigs to MenPV. In particular, it is interesting to note that enzootic pneumonia was endemic in the index and two associated grow-out piggeries that were infected with MenPV (Kirkland et al., 2001 ).
Salivary gland, heart, liver, kidney cortex and bladder all had low, perhaps insignificant, viral RNA loads. The viral RNA concentrations in these samples therefore likely represented the maximum that could be attributed to the presence of virus in blood alone. Nasal mucosa, duodenum, colon, caecum and rectum, all of which contained intermediate viral RNA loads, were thus likely involved in replication of MenPV, especially considering that infectious virus was readily detected in nasal secretions and faeces. The results therefore suggested that MenPV was also replicating in lung and spleen, as well as in those tissues (tonsil, mandibular lymph node, jejunum, ileum and mesenteric lymph node) that had high viral RNA loads on one or more sampling days. For further confirmation, the infectivity of a representative number of organs was determined by quantitative virus isolation. Infectious virus was detected in all tissues tested that had moderate to high viral RNA loads, including those of lymphoid origin, strengthening the notion that they were target sites for MenPV replication.
Immunohistochemical analyses of tissues collected on days 4, 6 and 8 p.i. subsequently revealed the presence of MenPV nucleocapsid protein in multiple lymphoid tissues of all six pigs that were necropsied on those days, as well as in intestinal mucosa. On day 4 p.i., nucleocapsid protein was present within the cytoplasm of lymphocytes, whereas by day 8 p.i. the staining had transitioned to other cell types, probably macrophages and dendritic cells, within lymphoid follicles. Since insignificant levels of viral RNA, and no viral antigen, were detected in salivary gland, the tonsils of the soft palate were likely the major source of virus in oral secretions, as would also appear to be the case in pigs infected with Tioman virus (Yaiw et al., 2008) . Nucleocapsid protein was also present throughout the intestinal epithelium, particularly within jejunum, which would explain the source of virus in faeces. Although also detected in Purkinje fibres in heart muscle of one pig, the significance of this finding was not investigated. Nevertheless, considering that non-suppurative myocarditis was occasionally observed histologically in affected stillborn fetuses, and that heart was one of three tissue types from which MenPV was isolated during the outbreak (Love et al., 2001; Philbey et al., This study resulted in the identification of a low-passage isolate of MenPV that will replicate in and transmit between weaned pigs. Despite the absence of clinical signs, MenPV caused a generalized infection with virus or viral RNA detectable in blood, nasal and oral secretions, faeces and urine, as well as in a large number of anatomically distinct tissues. Lymphoid tissues and intestinal epithelium were major sites of viral replication and dissemination. Direct contact and indirect exposure to infectious virus in faeces and urine are likely modes of transmission between pigs, or to humans. The benefits of rapid, accurate diagnosis to disease containment and eradication are obvious and, as such, the use of a reliable real-time RT-PCR test for MenPV, as developed in this study, will facilitate its rapid detection and management should it emerge again in domestic piggeries.
METHODS
Virus. A non-plaque-purified fourth-passage stock of MenPV, isolated from the lung (provided by the Elizabeth Macarthur Agricultural Institute, Menangle, New South Wales, Australia) of an affected stillborn piglet, was grown in baby hamster kidney cells (BHK-21; CSL) and stored at 280 uC. BHK-21 cell monolayers were routinely grown at 37 uC, in the presence of 5 % CO 2 , using Eagle's basal medium with Earle's salts (CSL) supplemented with 10 % FCS, 5 % tryptose phosphate broth, 10 mM HEPES, 100 U penicillin ml 21 and 100 mg streptomycin ml
21
. Following titration in replicate Vero cell monolayers (CCL-81; ATCC), using Eagle's minimum essential medium with Earle's salts (EMEM; Gibco), supplemented with 10 % FCS, 10 mM HEPES, 100 U penicillin ml 21 and 100 mg streptomycin ml
, the BHK-21 cell propagated virus was used as the inoculum for all experimental infections. The titre of the MenPV stock, determined according to the method of Spearman-Kärber (Villegas, 1998) , was 4.0610 6 TCID 50 ml
.
Animal housing and husbandry. Six-week-old, female, Large White crossed with Landrace pigs were used in each study. For the first trial, eight pigs (8.0±0.5 kg) were obtained from a commercial farm. For the second trial 10 pigs (9.0±0.9 kg), known to be free of M. hyopneumoniae, were sourced from a specific-pathogen-free herd (Victorian Institute of Animal Science, Werribee, Victoria, Australia). In each study, pigs were separated into two pens, which prevented direct contact between groups. All experiments were undertaken with the approval of the Institutional Animal Ethics Committee.
Inoculation, monitoring and sample collection. Pigs were routinely anaesthetized, prior to inoculation or sample collection, as described previously (Middleton et al., 2002) . All pigs were monitored daily for signs of disease, including fever.
In the first study, pigs were in two groups of four. Three pigs in each group were challenged intranasally with 2 ml MenPV. One pig in each group was not inoculated and served as an in-contact control for detection of virus transmission. All pigs in one group were bled on day 1 p.i. and, subsequently, blood [in plain (for separation of serum) or lithium heparin (for extraction of RNA or virus isolation) Vacutainer tubes (BD)], urine (obtained by urethral catheterization or by cystocentesis at the time of necropsy) and nasal, oral [from the tonsillar region of the soft palate (Casteleyn et al., 2011) ] and rectal swabs [in 1 ml of viral transport medium (PBS supplemented with 1 % (w/v) BSA, 200 U penicillin ml 21 , 200 mg streptomycin ml 21 , 50 mg gentamicin ml 21 and 5 mg amphotericin B ml 21 )] were collected from each group on alternate days thereafter until the conclusion of the trial (day 21 p.i.).
In the second study, pigs were in two groups of five. Four pigs in each group were challenged as described above, while the remaining pig in each group was not challenged. Blood, urine, nasal, oral and rectal swabs were collected from the in-contact pigs on every second day during the first 2 weeks, and on days 18 and 21 p.i. After sampling of the in-contact pigs on days 2, 4, 6 and 8 p.i., a challenged pig from each group was sampled in the same manner, then euthanized and necropsied. To eliminate the risk of cross contamination between samples, tissue specimens for virus isolation and RNA extraction were collected as described previously (Bowden et al., 2008) . Tissue samples were also collected into 10 % neutral buffered formalin for histopathological examination. Following euthanasia of two challenged pigs on day 8 p.i., the surviving in-contact animals were housed together until the conclusion of the trial (day 21 p.i.), at which time they were euthanized and necropsied.
All specimens for virus isolation or RNA extraction were placed on ice until transported to the laboratory for processing. Swabs (in viral transport medium), urine, tissues for virus isolation, whole blood and serum were stored at 280 uC, while tissues in RNAlater (Ambion) were held at 4 uC overnight, and then at 220 uC. 21 ] was added directly to wells containing nasal and oral swab supernatants; for rectal swab and urine specimens, monolayers were first washed with viral transport medium. Plates were incubated at 37 uC, in 5 % CO 2 , for 7 days, and a second passage in Vero cells was subsequently performed on all sample wells.
For titration of swabs (viral transport medium) and urine (undiluted), heparinized blood and serum [diluted 1 : 10 in EMEM growth medium (as for maintenance medium, but containing 10 % FCS)] and solid tissues [as 10 % (w/v) homogenates in viral transport medium, prepared using a Mini-BeadBeater-8 (Biospec Products)], replicate 10-fold serial dilutions of clarified sample supernatants (25 ml final volume per well) were made in 96-well plates (Nunc) using EMEM growth medium as diluent. A suspension of 2610 4 Vero cells in 200 ml growth medium was added to all wells, and plates were incubated for 7 days at 37 uC in the presence of 5 % CO 2 . A viral-induced cytopathic effect at day 7 was used to calculate the sample titre, expressed as TCID 50 ml 21 or TCID 50 g 21 , according to the method of Spearman-Kärber (Villegas, 1998) .
Determination of virus neutralizing antibody titres. Sera were heat inactivated at 56 uC for 30 min and diluted 1 : 4, in duplicate (in EMEM growth medium), in the first column of a 96-well plate (Nunc). Twofold dilutions of sera (50 ml per well) were made by serial transfer across the plate. In addition, duplicate 1 : 4 dilutions of sera were made on another plate to serve as serum (toxicity) controls. Fifty microlitres (100 TCID 50 ) of plaque-purified MenPV (Bowden et al., 2001 ) was added to all wells, except for the serum controls. Plates were incubated at 37 uC for 1 h in the presence of 5 % CO 2 , and a suspension of 2610 4 Vero cells in 100 ml growth medium was added to each well. Plates were incubated for 7 days at 37 uC, in the presence of 5 % CO 2 , and titres were reported as the reciprocal of the highest serum dilution for which cytopathic effect was absent in at least one of the duplicate wells.
RNA extraction. Total RNA was isolated from frozen aliquots (150 ml) of heparinized blood using the S.N.A.P. Total RNA Isolation kit (Invitrogen), eluted in 125 ml RNase-free water and stored at 280 uC before use. For extraction of total RNA from RNAlater (Ambion) stabilized tissues [as 10 % (w/v) homogenates in lysis Buffer RLT, prepared using a Mini-BeadBeater-8 (Biospec Products)], the RNeasy Mini kit (Qiagen) was used. RNA was eluted with two successive 30 ml aliquots of RNase-free water, quantified using a GeneQuant II RNA/DNA Calculator (Pharmacia Biotech) and stored at 280 uC.
Quantitative real-time RT-PCR. cDNA was synthesized using the TaqMan Reverse Transcription Reagents kit (Applied Biosystems). Reactions (10 ml) were prepared containing 16 RT buffer, 5.5 mM MgCl 2 , 500 mM of each dNTP, 2.5 mM of random hexamers, 0.4 U RNase inhibitor ml 21 , 3.125 U reverse transcriptase ml 21 and either 2 ml (extracted from heparinized blood) or 100 ng (extracted from solid tissue) of RNA template. Reactions were incubated at 25 uC for 10 min, 37 uC for 60 min and 95 uC for 5 min in a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems). Real-time PCRs (25 ml) were set up, in triplicate, in optical 96-well reaction plates (Applied Biosystems). The sequences of the MenPV-specific primers and probe, which targeted a 66 nt region within the viral nucleocapsid gene (GenBank accession no. AF326114), were: MP80F (59-CGGATTTGAGCCT-GGTACGT-39); MP81R (59-ACCTCTCCATTTGTCATCGGA-39); and MT01-FAM (59-6FAM-TTCTCGCATTTGCCCTTAGCCGG-TAMRA-39). To confirm the absence of sample-specific RT or PCR inhibitors, 18S rRNA (as cDNA) was routinely amplified simultaneously with the viral target using the TaqMan rRNA Control Reagents kit (Applied Biosystems). Each reaction comprised 12.5 ml TaqMan Universal PCR Master Mix (Applied Biosystems), 300 nM of each MenPV primer, 250 nM MenPV probe, 50 nM of each 18S rRNA primer, 200 nM of 18S rRNA probe, either 2 ml (from heparinized blood) or 1 ml (from solid tissue) of cDNA template, and water to 25 ml. Amplification and detection of products were undertaken with an ABI Prism 7700 Sequence Detection System (Applied Biosystems) by using standard cycling conditions (2 min at 50 uC; 10 min at 95 uC; 50 cycles of 15 s at 95 uC and 1 min at 60 uC). For all reactions, fixed threshold DR n values were set at 0.25 for MenPV-specific products and at 0.08 for 18S rRNA-specific products. To enable relative quantification of viral RNA loads, a standard curve was generated by testing 10-fold serial dilutions of template (prepared by mixing a diluted PCR product, encompassing the region of the MenPV nucleocapsid gene corresponding to the target amplicon, with cDNA synthesized using total RNA extracted from uninfected Vero cells). To facilitate data interpretation, one unit (1 U) of viral RNA was arbitrarily defined as the number of MenPV RNA molecules which, when subjected to realtime RT-PCR, produced a C t value of 36.
Histology and immunohistochemistry. Tissues were fixed in 10 % neutral buffered formalin, trimmed and processed into paraffin wax by using routine histological methods. Sections were stained using haematoxylin and eosin, and examined for lesions. To visualize viral antigen, replicate tissue sections were stained using an immunoperoxidase method. For antigen retrieval, sections were treated by heating using Dako PT Link (97 uC for 30 min), while immersed in Target Retrieval Solution High pH (Dako). Following retrieval, the sections were quenched with hydrogen peroxide. Sections were then incubated for 1 h with a rabbit serum, '372' (Petraityte et al., 2009) , directed against CsCl gradient-purified, recombinant MenPV nucleocapsid protein, which was expressed in yeast (Juozapaitis et al., 2007) . This was followed by HPR-conjugated secondary antibody (Envision Flex+; Dako). Sections were stained with 3-amino-9-ethylcarbazole (AEC) substrate chromogen (Dako) for 10 min, and counterstained with Lillie-Mayer's haematoxylin. 
